Abstract. In many circumstances kidney transplants remain viable despite extensive inflammation, permitting rejection episodes to be reversed. The mechanisms by which the kidney resists host effector mechanisms are not known. In mouse kidney transplants, resistance requires interferon-␥ (IFN-␥), which acts on the graft to protect the graft from necrosis during the first days of rejection as well as inducing major histocompatibility complex (MHC) expression. Because some effects of IFN-␥ are mediated by transcription factor IRF-1, the role of IRF-1 in the donor tissue early phases of rejection of mouse kidney allografts was studied. H-2 b kidneys were transplanted from mice with wild-type IRF-1 genes (WT) or mice with disrupted IRF-1 genes (IRF-1KO) into CBA (H-2 k ) recipients. At day 5 and day 7, IRF-1KO and WT kidneys were functioning despite typical rejection pathology: interstitial infiltration and tubulitis. However, function deteriorated rapidly in rejecting IRF-1KO allografts, associated with widespread epithelial necrosis, peritubular capillary congestion, glomerulitis, and fibrin thrombi in small veins by day 7. At day 21, WT kidneys were viable despite severe tubulitis and arteritis, whereas IRF-1KO kidneys showed massive necrosis of the epithelium despite patent large vessels. Compared with WT kidneys, rejecting IRF-1KO kidneys showed less induction of donor MHC yet had similar mRNA levels of perforin, granzyme B, and Fas ligand and evoked host alloantibody responses. Thus in rejecting kidney transplants, IRF-1 in the graft mediates MHC induction, but it also mediates resistance to necrosis, an effect that could be crucial to permit success in interventions against rejection.
Acute rejection of vascularized kidney allografts can run a variety of courses, varying from rapidly destructive to indolent. Rejection spontaneously resolves in some kidney transplant models (1) , similarly to the events in experimental liver transplants (2) . Resolution implies that the kidney can resist immune effector mechanisms, and evidence is accumulating that interferon-␥ (IFN-␥) is involved. In addition to its immunoregulatory effects, IFN-␥ is unique in that IFN-␥ receptors (IFN-␥Rs) are abundant and constitutively active in kidney (3) . In rejecting kidneys, host-infiltrating cells produce large quantities of IFN-␥, which acts on the IFN-␥R in the transplant to induce major histocompatibility complex (MHC) expression in endothelial and parenchymal cells (4) . Rejecting kidney transplants from mice lacking IFN-␥R (GRKO mice) display little MHC expression and undergo immune-mediated necrosis of the epithelium by day 7 (5), despite patency of the large vessels. Heart and kidney allografts into recipients lacking IFN-␥ (GKO mice) also show a severe deficiency in induction of MHC genes and rapidly develop necrosis, which can be reduced by administering IFN-␥ (6). Thus IFN-␥ not only regulates the host immune response, but it also acts directly on the allograft to induce both MHC expression and resistance to necrosis.
The actions of IFN-␥ and of IFN-␥R in nonlymphoid tissues are mediated in part by the IFN regulatory factor (IRF) family of transcription factors, which includes IRF-1 through IRF-9 (7). By binding to related consensus sequences such as the IRF-E, the interferon-stimulated regulatory element (ISRE), and the interferon consensus sequence (ICS), the IRF family proteins regulate the promoters of many IFN-inducible genes, such as inducible nitric oxide synthase (NOS2) (8) . IRF-1 is of particular interest because it regulates expression of MHC class I (9) and class II genes (10), the latter by inducing promoter PIV of the class II transactivator (CIITA) (11) . Mice with a targeted disruption of the IRF-1 gene (IRF-1KO) display severe defects in MHC regulation in kidney and other organs (10) .
Given that IFN-␥ protects rejecting allografts from necrosis and that IRF-1 is essential for some effects of IFN-␥, we examined how IRF-1 deficiency affects the course of fully allogeneic kidney transplants in vivo. We compared kidney transplants from donors with wild-type (WT) IRF-1 genes with those from IRF-1KO donors in hosts with normal IFN-␥, IFN-␥R, and IRF-1 genes. The results indicate that IRF-1 expression is induced in rejecting kidney allografts and is essential for both MHC regulation and for resistance to necrosis during acute allograft rejection.
Materials and Methods

IRF-1KO Mice
The IRF-1KO mice were originally created using the construct pMIRF1neoB, containing 4.9-kb homologous IRF-1 genomic DNA with a 1.2-kb deletion where the neomycin resistance gene was inserted, and were generously supplied by Dr. Tak W. Mak, Ontario Cancer Institute, Ontario, Canada (12) . The deletion effectively removed the exons required for the DNA-binding domain, resulting in an inactive IRF-1 product.
C57Bl6 (B6), 129/J, (129xB6)F1, and CBA/J Mice
Because IRF-1KO mice were created with both 129/J and B6 background, B6, 129/J, or (129xB6)F1 were selected as controls. B6, 129/J, (129xB6)F1, and CBA/J mice aged 9 to 11 wk were obtained from Jackson Laboratories, Bar Harbor, Maine. The response of CBA hosts to B6, 129/J, or (129xB6)F1 kidneys was the same up to 21 d posttransplant, permitting any of these to be used as control donors for the IRF-1KO donor experiments. Health Sciences Laboratory Animal Service at the University of Alberta sustained all mice. Acidified water (250 l of 2 N HCl in 250 ml of water) was supplied to mice. All experimental procedures conformed to animal care protocols enforced by this institution. Transplant recipient mice that appeared significantly ill were euthanized in accordance with institutional policy.
Kidney Transplants
The method of transplantation is described elsewhere (5, 6) . Unless otherwise stated, the contralateral host CBA kidney was left in place to preserve renal function and permit the transplants to be followed to complete rejection. In selected mice, the contralateral kidney was removed on either day 3 or day 4, and the mice were allowed to survive with daily observation. They were killed if they appeared unwell.
Pathology: Modified Banff Scoring System
One pathologist assigned scores for the lesions observed in whole kidney sections (two sections per kidney), including cortex and outer medulla. Additional findings not included in the Banff scoring system (13) were also studied and scored as follows. For the extent of necrosis and peritubular capillary (PTC) congestion, percentage of parenchymal involvement was recorded. Glomerulitis, interstitial infiltrate, and tubulitis were scored from 0 to 3 on the basis of the percentage of parenchymal involvement (0, no changes; 1, Ͻ25% of the total parenchyma involved; 2, 25 to 75% of total parenchyma involved; 3, Ͼ75% of the total parenchyma involved). Arteritis, venulitis, and venous thrombosis were counted in each specimen, and the mean number of lesions observed per kidney was calculated for each group. Thrombotic lesions were first assessed by hematoxylin and eosin stain, and the presence of fibrin in the thrombus was confirmed by martius scarlet blue stain for fibrin.
Antibodies
Monoclonal antibodies (mAb) were purified in our laboratory from supernatants of hybridoma cell lines. AF6-120. The hybridomas were maintained in culture and purified as described previously (5).
Radiolabeled Antibody-Binding Assay (RABA)
This has been described in detail elsewhere (6, 14) .
IIP Staining of Tissue Sections
Fresh frozen sections (4 m) were fixed in acetone and then incubated with normal goat serum. The slides were incubated with rat mAb against class I (M1) and class II (M5) or with phosphatebuffered saline (PBS) as a control. The slides were then incubated with affinity purified peroxidase-conjugated goat anti-rat IgG F(ab') 2 fragment (ICN, Costa Mesa, CA). Immune complexes were visualized by the use of 3'3 diaminobenzidine tetrahydrochloride and hydrogen peroxide for the color reaction and counterstained with hematoxylin.
Assessment of Cytotoxic Alloantibody
Sera from transplanted mice (CBA) with WT or IRF-1 KO kidneys were bled at the time of harvest, and their sera were assessed by microcytotoxicity. Serum (2 l) and CBA (2 l) or B6 spleen cells (2 ϫ 10 6 /ml) were incubated in a 37°C CO 2 incubator for 30 min. Rabbit complement (2 l at 1:3 dilution) was added and incubated at room temperature for 90 min. Eosin and 10% buffered formalin were added to each well.
Assessment of Gene Expression
Total RNA extracted from kidneys was transcribed into cDNA using Superscript reverse transcriptase (BRL, Burlington, Ontario, Canada) and amplified in a thermal cycler (Perkin Elmer Cetus, Norwalk, CT) using Taq DNA polymerase. The sequences for IFN-␥ primers are 5' CGCTACACACTGCATCTTGG (forward primer) and 5' GGCTGGATTCCGGCAACA (reverse primer). The sequences of the other PCR primers were previously described (5,10). The PCR products were Southern blotted and probed with radiolabeled oligonucleotide probes.
The TUNEL Assay
Apoptotic cells were stained by terminal deoxynucleotidyl transferasemediated dUTP-biotin end labeling (TUNEL) assay (5, 15) . Briefly, sections deparaffinized in xylene were hydrated through alcohols. Endogenous peroxidase was inactivated with 1% H 2 O 2 and treated with proteinase K. The sections were incubated with terminal transferase (TDT) buffer (30 mM Tris-HCl, pH 7.2, 1 mM CoCl 2 , 140 mM sodium cacodylate) for 30 min and then labeled with TDT and biotin-16-dUTP for 1 h. The slides were incubated with the avidin-biotin complex, visualized by using the DAB substrate kit (Vector Laboratories, Burlingame, CA), and counterstained with methyl green.
Results
IRF-1KO mice displayed normal renal function (serum creatinine, urea, electrolytes) and renal histology, and kidney transplants from IRF-1KO donors into syngeneic recipients survived normally with no histologic abnormalities at day 7 (data not shown).
Renal Function and Pathology Deteriorates Rapidly in Rejecting Kidneys from IRF-1KO but Not WT Donors
To monitor the effects of rejection on renal function, we removed the right recipient kidney and transplanted the donor kidney into the right side. We performed nephrectomy of the left recipient kidney on day 3 or 4. We observed the mice daily and killed them on day 5 to 7, or earlier if they were unwell, according to animal care policies. The creatinine at sacrifice was low in mice with WT transplants (mean 55 Ϯ 17 mol/L). In hosts bearing allografts from IRF-1KO donors, the creatinine was increased more than fivefold (mean 276 Ϯ 29 mol/L) and the urea and potassium also increased ( Table 1) . The weights of rejecting kidneys from both IRF-1KO (241 Ϯ 25 mg) and WT (303 Ϯ 85 mg) donors were increased compared with controls (148 Ϯ 32 mg). The pathology of the IRF-1KO kidneys showed interstitial inflammation like that in WT allografts, but displayed increased necrosis and glomerulitis and a tendency to increased peritubular capillary congestion and tubulitis ( Table 1) .
The rapid development of uremia in nephrectomized hosts with IRF-1KO allografts made it impossible to follow them beyond day 6. We, therefore, used hosts with the contralateral kidney in place to avoid morbidity and death from uremia. This permitted us to study the evolution of the changes in both the WT and the IRF-1KO grafts without the complicating influence of host uremia, because the residual native kidney maintained normal renal function. The transplant and host kidneys were studied 5, 7, or 21 d after transplant. Compared with kidneys of control mice (125 Ϯ 41 mg), weights of the rejecting transplants were increased at day 7, but the increase was similar in IRF-1KO transplants (302 Ϯ 41 mg) compared with WT transplants (365 Ϯ 64 mg) at day 5. By day 21, the transplanted WT kidneys weighed 430 Ϯ 137 mg versus 303 Ϯ 60 mg for transplanted IRF-1KO kidneys, compared with 148 Ϯ 33 for the controls. Table 2 and Figure 1 show the pathology of the WT and IRF-1KO kidney transplants at day 5, 7, or 21. WT transplants at day 5 showed moderate interstitial infiltrate but little tubulitis and no necrosis, peritubular capillary congestion, or glomerulitis ( Figure 1A ). Arteritis and arterial and venous thrombotic lesions were absent. The WT transplants examined at day 7 also showed similar findings: no necrosis or peritubular capillary congestion, mild glomerulitis, moderate cellular infiltrate with mild tubulitis (Figure 1, C and E) , and venulitis. Arteritis and thromboses were absent. Even at day 21, the WT kidneys continued to show little necrosis despite severe tubulitis and arteritis (Table 2 and Figure 1G ).
IRF-1KO transplants on day 5 (Table 2) showed some necrosis, peritubular capillary congestion, glomerulitis, mild to moderate cellular infiltrate, and mild tubulitis ( Figure 1B) . Two kidneys showed arteritis. By day 7, all IRF-1KO transplants showed extensive necrosis ( Figure 1D ) accompanied by peritubular capillary congestion ( Figure 1F) . The large vessels were patent, although nonocclusive mural thrombi were present in five IRF-1KO transplants ( Figure 2 , A and B) ( Table 2 ). The extent of necrosis in some kidneys prevented reliable grading of some features, e.g., glomerulitis in experiment 1 ( Table 2 ). There was moderate interstitial infiltrate, mild tubulitis, arteritis, and venulitis. At day 21, the IRF-1KO transplants showed a mixture of widespread necrosis of the tubular epithelium and global infarction (Table 2 and Figure 1H ). Nevertheless, most large vessels remained patent. The contralateral kidneys of hosts rejecting kidney allografts were normal.
Assessing the Extent of Apoptosis
TUNEL assays were performed to determine the nature of the massive cell death in kidneys from IRF-1KO recipients ( Figure 2D ) at day 7 compared with transplants from WT donors ( Figure 2C ). TUNEL-positive cells were rarely present in tubular epithelium, despite massive epithelial cell necrosis in the IRF-1KO kidneys. TUNEL-positive cells were present to a similar degree in the interstitium in transplants from WT and IRF-1KO donors.
Immunostaining of the WT and IRF-1KO Transplants
WT transplants at day 5 ( Figure 2E ) showed class I staining of the basolateral aspect of all renal tubules, whereas IRF-1KO transplants showed little or no class I in tubules, even in viable tubules ( Figure 2F ). Class II expression was increased in some tubules of the WT transplants at day 5 ( Figure 2G ), whereas IRF-1KO transplants showed no tubular staining for class II ( Figure 2H) . The results were similar with donor-specific mouse anti-class I or class II monoclonals and with rat monoclonals, except that the rat monoclonals also stained the host cells in the interstitial infiltrate.
The infiltrating host cell populations were also assessed by immunostaining of tissue sections, including viable areas of IRF-1KO transplants at day 7 (Table 3) . CD45 ϩ cells were increased in WT kidney transplants at day 5 compared with normal kidneys and increased further at day 7, mostly due to increased CD8 T cells. The IRF-1KO kidneys tended to have fewer CD45 ϩ cells and CD3 cells at day 7 than the WT transplants or the day-5 IRF-1KO transplants, probably due to tissue necrosis. CD4 ϩ cells were infrequent, which is consistent with previous observations in mouse kidney transplants. In control kidneys, PECAM was expressed on endothelium of arteries, glomeruli, and interstitial peritubular capillaries. Staining was not increased in rejecting WT transplants, as previously reported (16, 17) . In rejecting IRF-1KO kidneys (Table 3) , platelet endothelial cell adhesion molecule (PE-CAM) staining of peritubular capillaries was reduced compared with control kidneys or rejecting WT kidneys.
RABA confirmed that donor class I and class II were strongly induced in the WT (B6) transplants (Tx) at day 5, 7, and 21 ( Figure 3A) . Induction of donor MHC was less in rejecting IRF-1KO Tx kidneys. As expected, donor MHC was absent in the host kidneys. Host class I and II products were increased in the transplant, reflecting infiltrating host cells ( Figure 3B ). Host MHC was induced in the host kidney as expected due to the systemic release of IFN-␥ in hosts rejecting WT or IRF-1KO transplants.
Gene Expression in Rejecting IRF-1KO versus WT Kidney Allografts
We studied the mRNA levels for a number of representative genes (Figure 4) . Rejecting IRF-1KO and WT kidneys both showed abundant expression of granzyme B, FasL, and perforin mRNA compared with control kidneys. Rejecting IRF-1KO and WT kidneys showed increased expression of IRF-1 mRNA compared with control kidneys, particularly in the WT transplants. The expression of some IRF-1 mRNA in the rejecting IRF-1KO kidneys is attributable to the infiltrate. The greater increase in the rejecting WT kidneys reflects induced expression in donor cells, consistent with our previous demonstration that IRF-1 mRNA is inducible in kidney by IFN-␥ (10). IFN-␥ mRNA expression was strongly induced in rejecting IRF-1KO and WT kidneys. The mRNA for NOS2 and for IFN-␥-inducible chemokines monokine-inducible by IFN-␥ (MIG) was also increased in rejecting WT or IRF-1KO transplants. Rejecting IRF-1KO and WT kidneys showed increased expression of the HO-1 mRNA compared with control kidneys, but the increase was greater in the IRF-1KO kidneys, perhaps because of ischemia.
Alloantibody Responses
Several hosts were selected for assessment of donor-specific alloantibody levels in each group. Alloantibody was detected in both groups, weakly at day 7 and strongly at day 21 (data not shown). However, alloantibody may be absorbed to the transplant, underestimating the alloantibody response.
Discussion
In this study, grafts lacking IRF-1 underwent rapid functional deterioration and massive necrosis during acute rejection beginning at day 5. WT grafts developed a typical rejection at days 5 to 7 but were resistant to necrosis even at day 21. In rejecting IRF-1KO transplants, the early cellular infiltrate was similar to that in WT mice at day 5, but function deteriorated by day 6 and necrosis was extensive by day 7. The IRF-1KO transplants showed impaired induction of MHC expression. Thus the phenotype of kidney transplants lacking IRF-1 was similar to that of kidneys lacking IFN-␥R (5), suggesting that IRF-1 is essential for the protective effect of IFN-␥ against necrosis in acute graft rejection. The basis for the congestion and necrosis in rejecting IRF-1KO transplants was not thrombosis of large vessels; the thrombi in small veins tended to be mural and non-occlusive. Moreover, the weight of the rejecting IRF-1KO transplants was not greater than that of rejecting WT transplants, as would be expected if venous occlusion were a primary event. Thus the necrosis is probably mediated by ischemia due to failure of the microcirculation, with secondary thrombosis of veins and/or arteries in some grafts. IRF-1 in the grafted tissue was only required during rejection, arguing against a direct effect on thrombosis or coagulation. Syngeneic IRF-1KO transplants displayed no renal abnormalities, and The number of kidneys studied in this experiment were 2 or 3 WT at day 5, 6 WT at day 7, 2 IRF-1KO at day 5, and 5 IRF-1KO at day 7 (mean of total cells counted in 10 HPF Ϯ SD).
c Platelet endothelial cell adhesion molecule (PECAM) stained endothelium of arteries and glomeruli of interstitial cells and probably peritubular capillaries in the interstitial areas. The staining shown here is that of peritubular capillaries.
IRF-1 mice have no excess of thrombosis. Thus in acute rejection donor IRF-1 is essential for inducing MHC expression and preventing failure of the microcirculation and ischemic necrosis.
There was no obvious difference in the immune response of CBA hosts to allografts with and without IRF-1 to explain the differences in tissue injury. Whether the kidneys were WT or IRF-1KO, the CBA hosts produced abundant IFN-␥ and had normal IFN-␥R, as witnessed by the induction of host MHC expression in the normal native kidney, which is highly dependent on IFN-␥ (14, 18) . The expression of the CTL effector genes perforin, granzyme B, and FasL in the graft was increased in both WT and IRF-1KO grafts at day 7. Alloantibody responses were readily induced during rejection of both WT and IRF-1KO grafts. Comparisons of host alloantibody responses to IRF-1 versus WT kidneys must remain qualitative because of the potential effect of the different levels of donor MHC expression on the production and absorption of alloantibody. Thus the phenotype of rejecting IRF-1KO transplants probably reflects increased sensitivity of the graft to host effector mechanisms rather than differences in the effector mechanisms themselves.
Given that alloantibody can damage endothelium in allografts, the necrosis of the epithelium in IRF-1KO kidneys could reflect excessive sensitivity to antibody-mediated endothelial injury. Alloantibody was demonstrable in the circulation of these hosts around day 7 whether the kidney was from WT or IRF-1KO donors. IFN-␥ protects against vascular injury by antibody in concordant rat xenotransplants (19) , indicating that IFN-␥ has the potential to protect vessels against antibody injury. The mechanism by which IRF-1 expression could cause resistance to antibody is undefined. Deficiency in the endothelial protective effect of HO-1 could not be incriminated in the necrosis of IRF-1KO kidneys because the IRF-1KO actually had higher levels of HO-1 mRNA, perhaps as a response to ischemia (20) . Moreover, neither IFN-␥ nor IRF-1 has been shown to affect HO-1 expression. Other possible roles of IRF-1 such as effects on production of IFN-␥-regulated chemokines must also be considered, given the major effects of donor IP-10 and CXCR3 in some models (21, 22) . However, IP-10 does not seem to be regulated through IRF-1 (23, 24) . Moreover, the lack of donor IP-10 or lack of CXCR3 activation is protective, the reverse of that observed with IFN-␥, IFN-␥R, and IRF-1 deficiency.
The protective action of IRF-1 against necrosis during rejection may be mediated by changes in the microcirculation of inflamed tissue. IRF-1 positively regulates the expression of COX-2, which produces prostaglandin E2, an important vasodilator. IRF-1 could thus contribute to the ability of IFN-␥ and other cytokines to induce COX-2 in a number of cell types, including epithelial cells (25, 26) . IRF-1 also positively regulates NOS2 and thus nitric oxide (NO) production (27) . NO limits inflammation at endothelial surfaces (28) and inhibits apoptosis of some cell types (29) , including endothelial cells (30) . NOS2 expression is IRF-1-dependent in some (31) but not all cells types (32) . In this study, grafts lacking IRF-1 displayed abundant levels of mRNA for NOS2. However, NOS2 can be expressed both in the host infiltrate cells and in the donor cells. The observation that inhibitors of NO synthesis aggravate rejection injury supports the concept that NO has protective effects on graft rejection (33) , and NO production in graft cells may have effects not replaceable by NO from inflammatory cells. Thus NO produced by NOS2 in the graft cells may have a role in graft protection, potentially antagonizing the effects of inflammation and immune effector mechanisms. NO from host immune cells is a potential effector of tissue injury (34, 35) and should be unchanged by donor IRF-1 gene disruption. Further investigations of the possibility that IRF-1 mediates protection via NO are planned, including studies with renal grafts from mice with disrupted NOS2 genes in the donor or in the recipient.
The protective effect of IFN-␥, IFN-␥R, and IRF-1 against necrosis could be mediated by MHC genes themselves. IRF-1 is a major regulator of class I and, through CIITA, of class II. Induction of intense MHC expression during graft rejection is often assumed to favor rejection because MHC products are powerful alloantigens and key antigen-presenting structures. However, allogeneic MHC can also lead to tolerance or anergy, and MHC can regulate inhibitory natural killer (NK) receptors in vitro (36) . Direct recognition of intact donor MHC molecules in some types of grafts protects the graft (37), providing support for their role in the present studies. This could be mediated by T cell receptors or by inhibitory receptors, engaged by either membrane-bound or soluble MHC released from the graft. This effect would be temporary and relative; rejection obviously does proceed to completion in grafts from WT donors with high MHC expression. This would be compatible with the biphasic roles described for IFN-␥ and IFN-␥R mediating graft protection in the first week but graft injury over later time periods (38, 39) .
The protective action of IFN-␥, IFN-␥R, and IRF-1 during acute rejection must be balanced against the many other potentially protective and deleterious effects of the interferon system in transplantation, arguing against any clinical extrapolations. Our previous studies have indicated that the protective effect of IFN-␥ during early acute rejection is mediated by the massive amounts of IFN-␥ produced in the graft and is poorly simulated by exogenous IFN-␥ (6). We have not explored whether exogenous IFN-␥ would have adverse or deleterious effects in stable grafts. Moreover human experience indicates that exogenous IFN-␣ can trigger rejection episodes in renal transplants (40 -42) , a concern that has been amplified with the use of interferon therapy for hepatitis C in organ transplant recipients (43) . Although IFN-␣ and IFN-␥ have very different properties, receptors, and signaling, this experience should discourage attempts to use IFN-␥ for preventing or suppressing rejection in the clinic until more is known about mechanisms and how to capture benefits without incurring harm.
